A flavor-universal extension of the strong interactions was recently proposed in response to the apparent excess of high-E T jets in the inclusive jet spectrum measured at the Tevatron. This paper studies the color octet of massive gauge bosons ('colorons') that is present in the low-energy spectrum of the model's Higgs phase. Constraints from searches for new particles decaying to dijets and from measurements of the weak-interaction ρ parameter imply that the colorons must have masses greater than 870-1000 GeV. The implications of recent Tevatron data and the prospective input from future experiments are also discussed.
The model
In the flavor-universal coloron model [1] , the strong gauge group is extended to SU(3) 1 × SU(3) 2 . The gauge couplings are, respectively, ξ 1 and ξ 2 with ξ 1 ≪ ξ 2 .
Each quark transforms as a (1, 3) under this extended strong gauge group.
The model also includes a scalar boson Φ transforming as a (3, 3) under the two SU(3) groups. The most general 1 potential for Φ is
where the overall constant has been adjusted so that the minimum of U is zero. For λ 1 , λ 2 , f 2 > 0 the scalar develops a vacuum expectation value Φ = diag(f, f, f ) which breaks the two strong groups to their diagonal subgroup. We identify this unbroken subgroup with QCD.
The original gauge bosons mix to form an octet of massless gluons and an octet of massive colorons. The gluons interact with quarks through a conventional QCD coupling with strength g 3 . The colorons (C µa ) interact with quarks through a new QCD-like coupling L = −g 3 cot θJ and cot θ = ξ 2 /ξ 1 . Note that we expect cot θ > 1. In terms of the QCD coupling, the gauge boson mixing angle and the scalar vacuum expectation value, the mass of the colorons is M c = g 3 sin θ cos θ f .
(1.4)
The colorons decay to all sufficiently light quarks; assuming there are n flavors lighter than M c /2, the decay width is
where α s ≡ g 2 3 /4π. We take the top quark mass to be 175 GeV so that n = 5 for M c < ∼ 350 GeV and n = 6 otherwise. Thus far, we have described the Higgs phase of the model, in which SU(3) 1 × SU(3) 2 breaks at an energy scale where neither gauge coupling is strong. If the SU(3) 2 gauge coupling becomes strong while the gauge symmetry is intact, the model enters a confining phase instead. As discussed in [1] , if the strong coupling 1 As noted in [1] this model can be grafted onto the standard one-doublet Higgs model. In this case, the most general renormalizable potential for Φ and the Higgs doublet φ also includes the term λ 3 φ † φTr(Φ † Φ). For a range of λ's and parameters in the Higgs potential, the vacuum will break the two SU (3) groups to QCD and also break the electroweak symmetry as required.
does not break the chiral symmetries of the quarks, then it will bind the quarks and the scalar Φ into SU(3) 2 -neutral states. These composite fermionic states would correspond to the 'ordinary quarks' seen at low energies. The remainder of this paper will concentrate on the phenomenology of the Higgs phase of the model; for more on the confining phase's phenomenology see ref. [1] .
Partonic cross-sections involving colorons
Production and exchange of the massive colorons will affect hadronic cross-sections. To quantify this observation, we need to calculate the effect of the colorons on each partonic scattering sub-process. Two-body scattering involving external gluons remains the same as in QCD; the relevant cross-sections may be found in [11] . Processes involving external quarks are modified by coloron exchange and the crosssections are given below.
For each two-body parton scattering cross-section, we write
to define the Σ(ab → cd), which conventionally include initial state color averaging factors and are written in terms of the partonic Mandelstam invariantsŝ,t, andû. For scattering of light quarks, whose masses may be neglected, we have
where q ′ denotes a quark of a flavor other than q, and whereŝ c ≡ŝ − M 
The top quark is heavy enough to warrant separate treatment. The proton's top quark content is negligible and we need not consider processes involving initial-state top quarks. Furthermore, top quarks are produced in quark-quark scattering with a mass-dependent cross-section [12] ; when the contributions of colorons are included, we find
The cross-section for gg → tt is the same as in QCD and may be found in ref. [12] .
Existing limits on colorons
We now describe the limits that may already be placed on the mass and mixing angle of the colorons. Scattering data from hadron colliders and measurements of the weak-interaction ρ parameter provide experimental input. The condition that the model be in the Higgs phase imposes a further bound on the mixing angle.
dijets
A sufficiently light coloron would be visible in direct production at the Tevatron. Indeed, the CDF Collaboration has searched for new particles decaying to dijets and reported [13] an upper limit on the incoherent production of such states. Accordingly, we calculated σ · B for colorons with various values of M c and cot θ; the results for cot θ = 1, 1.5 are shown in figure 1 together with the CDF limit. In calculating σ · B, we followed the example of CDF in using CTEQ structure functions and in requiring |η| < 2 and | cos θ * | < 2/3. For cot 2 θ < 2, the coloron's half-width falls within the dijet mass resolution of 10%; for larger cot θ we counted only the portion of the signal that falls within a bin centered on the coloron mass and with a width equal to the resolution.
Values of M c and cot θ which yield a theoretical prediction that exceeds the CDF upper limit are deemed to be excluded at 95% c.l. [13] . We find that for cot θ = 1, the range 200GeV < M c < 870GeV is excluded; at cot θ = 1.5, the upper limit of the excluded region rises to roughly 950 GeV; at cot θ = 2, it rises to roughly 1 TeV. As the coloron width grows like cot 2 θ, going to higher values of cot θ does not appreciably increase the upper limit of the excluded range of masses beyond 1 TeV. 
100.

1000.
10000.
sigma . B
Figure 1: Experimental [13] upper limit on the cross-section times branching ratio for new particles decaying to dijets (points) is compared to theoretical predictions for colorons with cot θ = 1 (lower dashed curve) and cot θ = 1.5 (upper dashed curve). Both jets are required to have pseudorapidity |η| < 2.0 and the dijet satisfies | cos θ * | < 2/3. The experimental curve is based on 19pb −1 of data.
We can extend the excluded range of coloron masses to values below those probed by CDF by noting two things. First, σ increases as cot θ does, so that exclusion of cot θ = 1 for a given M c implies exclusion of all higher values of cot θ at that M c .
Second, σ · B is the same for a coloron with cot θ = 1 as for an axigluon 2 of identical mass 3 , as one may verify by comparing our equations (1.5) and (2.3) with equations (1.1) and (2.2) in ref. [15] . Axigluons with masses between 150 and 310 GeV have already been excluded by UA1's analysis [16] of incoherent axigluon production; by extension, colorons in this mass range with cot θ ≥ 1 are also excluded.
The combined excluded ranges of M c are
They are summarized by the shaded region of figure 2 
b-tagged dijets
where q i are light quarks, θ t is the mixing angle between topgluons and ordinary gluons, and cot θ t ≫ 1. Because of the factor of cot θ t in the first term and tan θ t in the second, the process→ topgluon → bb is independent of θ t (except where it enters through the topgluon width). This contrasts with bb production through coloron exchange, which grows as cot 4 θ. Furthermore, heavy topgluons decay essentially only to tt or bb, while heavy colorons decay to all six quark flavors.
In other words, (e.g. for topgluons and colorons heavier than 2m t )
which implies that (σ · B) topgluon and (σ · B) coloron are equal for equal-mass bosons when cot 4 θ ≈ 1.7. Using equation (1.5), this corresponds to Γ c /M c ≈ 0.13. CDF's range of excluded masses for narrow (Γ/M = 0.11) topgluons of 200 GeV < M topgluon < 500 GeV therefore provides a rough idea of the limit for colorons with cot 2 θ ≈ 1.7. It appears that the limit on colorons from b-tagged dijets will be weaker than that from the full dijet sample. This contrasts with the case of topgluons, which can be more strongly constrained by the b-tagged dijet sample because they decay almost exclusively to third-generation quarks.
the ρ parameter
An additional limit on the coloron mixing angle may be derived from constraints on the size of the weak-interaction ρ-parameter. Coloron exchange across virtual quark loops contributes to ∆ρ through the isospin-splitting provided by the difference between the masses of the top and bottom quarks. Limits on this type of correction [18] imply that [1] M c cot θ
This excludes the hatched region of the cot 2 θ -M c plane shown in figure 2. Note that this excludes an area of small M c that the dijet limits did not probe, as well as an area at larger M c and large cot θ.
critical value of cot θ
Finally, we mention a theoretical limit on the coloron parameter space. While the model assumes cot θ > 1, the value of cot θ cannot be arbitrarily large if the model is to be in the Higgs phase at low energies. Writing the relationship between the couplings ξ 1 and ξ 2 of the original gauge groups and the QCD coupling g 3 as
confirms that ξ 2 is large when cot θ is large. If cot θ is large enough, then ξ 2 exceeds its critical value, and the low-energy theory is in the confining phase rather than the Higgs phase.
Writing the low-energy interaction among quarks that results from coloron exchange as a four-fermion interaction
we use the NJL approximation to estimate the critical value of cot 2 θ as
This puts an upper limit on the cot 2 θ axis of the coloron's parameter space, as indicated in figure 2. 
Prospective limits
Data from run IA and IB at the Tevatron, from future Tevatron runs, and eventually from the LHC have the potential to shed further light on the flavor-universal coloron model. We suggest below what sort of analysis may prove useful.
jet spectra at the Tevatron
Both the inclusive jet spectrum (dσ/dE T ) and the dijet invariant mass spectrum (dσ/dM jj ) measured in CDF's run IA and IB data [2] appear to show excesses at high energy end of the spectrum. The dijet limits we derived earlier imply that the coloron is heavy enough that it would not be directly produced in the existing Tevatron data. Therefore, it is useful to start studying the data in terms of the four-fermion approximation (3.6) to coloron exchange. Comparison with the run IA CDF inclusive jet spectrum already [1] indicates that M c / cot θ = 700 GeV is not obviously ruled out, as figure 3 illustrates. Figure 2 indicates where the curve M c / cot θ = 700 GeV falls relative to the limits on the parameter space discussed earlier. Detailed analysis including both systematic and statistical errors should be able to determine a lower bound on M c / cot θ. (d 2 σ/dη dE T )dη as a function of transverse jet energy E t , where the pseudorapidity η of the jet falls in the range 0.1 ≤ |η| ≤ 0.7. Dots with (statistical) error bars are the recently published CDF data [2] . The solid curve shows the LO prediction of QCD plus the contact interaction approximation to coloron exchange of equation (3.6) with M C / cot θ = 700 GeV. Following CDF, we employed the MRSD0' structure functions [19] and normalized the curves to the data in the region where the effect of the contact interactions is small (here this region is 45 < E T < 95 GeV).
For colorons weighing a little more than a TeV -those that are just above the current dijet mass bound -it is more appropriate to use the cross-sections for full coloron exchange (see section 2) when making comparisons with the data. Such colorons are light enough that their inclusion yields a cross-section of noticeably different shape than the four-fermion approximation would give (see figure 4) . Once the full coloron-exchange cross-sections are employed, the mass and mixing angle of the coloron may be varied independently. In particular, one may study the effects of light colorons with small values of cot 2 θ. This can expand the range of accessible parameter space beyond what one would have reached by using the four-fermion approximation. 
dijet angular distributions at the Tevatron
Another means of determining what kind of new strong interaction is being detected is measurement of the dijet angular distribution. Some new interactions would produce dijet angular distributions like that of QCD; others predict distributions of different shape. In terms of the angular variable χ
QCD-like jet distributions appear rather flat while those which are more isotropic in cos θ * peak at low χ (recall that θ * is the angle between the proton and jet directions). The ratio R χ R χ ≡ N events , 1.0 < χ < 2.5 N events , 2.5 < χ < 5.0 (4.2) then captures the shape of the distribution for a given sample of events, e.g. at a particular dijet invariant mass. The CDF Collaboration has made a preliminary analysis of the dijet angular information in terms of R χ at several values of dijet invariant mass [10] . The preliminary data appears to be consistent either with QCD or with QCD plus a color-octet four-fermion interaction like (3.6) for M c / cot θ = 700 GeV. Our calculation of R χ including a propagating coloron gives results consistent with these. It appears that the measured angular distribution can allow the presence of a coloron and can help put a lower bound on M c / cot θ.
heavy colorons at the lhc
Measurement of the inclusive jet and dijet spectra at the LHC will probe higher values of the coloron mass. The existence of a critical value of the mixing angle discussed earlier has an interesting implication for LHC experiments. Suppose analysis of Tevatron inclusive jet and dijet data finds that the best fit comes from including a four-fermion interaction of the form (3.6) with M c / cot θ = X GeV. This four-fermion interaction can self-consistently be described as the low-energy manifestation of exchange of a massive coloron only if M c ≤ X · cot θ crit . Thus the Higgs-phase coloron model would predict that experiments at the LHC should find a coloron resonance at or below that mass. For example, figure 3 shows how a four-fermion interaction with X = 700 GeV compares with the CDF inclusive jet data; that would correspond to a coloron weighing no more than about 3 TeV.
Conclusions
The flavor-universal coloron model can accommodate an excess at the high-E t end of the inclusive jet spectrum at Tevatron energies without contradicting other data. Previous measurements of the weak-interaction ρ parameter and searches for new particles decaying to dijets imply that the coloron must have a mass of at least 870 GeV. Ongoing and future experiments at hadron colliders have the power to test the model further. In particular, if Tevatron experiments identify a preferred value of the ratio M c / cot θ, then the upper limit on cot θ in the model's Higgs phase would yield an upper limit on the coloron mass to guide searches at the LHC.
